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" site of a [Zn-Dy-Zn] complex

changes from pentagonal-bipyramid (quasi-Dsp,) to octahedron (quasi-Oy), inducing an energy barrier

change from 305 cm™" (439 K) to a negligible value, respectively. Ab initio calculations reveal that the
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Introduction

Single-ion magnets (SIMs), which contain only one single-spin
center that is intriguingly confined in a certain coordination
geometry, will slowly relax their magnetization when the
magnetic anisotropy energy barrier for magnetization reversal is
large with respect to thermal excitations.'” The challenge is to
increase the anisotropy barrier in order to yield a high blocking
temperature, Tg, below which the bistable magnetization state
is stable at a given time scale. This topic attracts a lot of
attention for its potential applications in ultra-high density
information storage, molecular spintronics, and quantum
information processing.* To advance towards this ultimate
goal, several important issues might be addressed, for example,
increasing the blocking temperature and switching of exchange
couplings inside or between molecules. Here, we establish the
switching of the magnetic anisotropy of an SIM. Indeed,
lanthanide ions such as Dy, Tb™, Ho™ and Er'™ can generate
huge magnetic anisotropy due to the strong spin-orbital
coupling and the crystal field, which depends strongly on the
local symmetry.
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ideal Dsp—Dy"" is of perfect axiality with a substantial energy barrier in accordance with the experimental

We focus on the Dy™ ion that bears a Kramers spin ground

state doublet of its hexadecuplet (°Hs/,) making it promising
concerning high barrier SIMs.>’ Quantum tunneling of
magnetization (QTM) is a natural phenomenon which origi-
nates from the overlap of wave functions with different spin
states.'** It depends mainly on the crystal-field, intra- and inter-
molecular interactions, and the hyperfine interaction. The
crystal-field effect can be described by the Hamiltonian Her =
EB’,}O’,;, where the Bf; are the crystal-field parameters and ()'g are
the Stephen operators. The latter is usually considered as one of
the sources of QTM when g # 0 and k = 2, 4, 6, which can
significantly reduce the relaxation times in the absence of an
external field. It is worth noting that certain parameters B’;
vanish in high symmetry cases, for example Cwy, Dooh, Sg (14),
D44, Dsn, and Dgq in theory,’® which provides a chemical
pathway to control QTM by tuning the local symmetry of
the metal centers. So far, SIMs with the first four symmetries
(Cayy Deon,y Sg (I4) and Dyq) have been realized (Table 1), showing
very high energy barriers, in particular the complexes with four-
fold symmetry such as the famous [Ln(Pc),]”"~ double-
deckers.* Inspired by these exciting results, it is therefore of
considerable interest to explore the magnetic properties of real
complexes with other high symmetries such as Ds, and Dgg.

Indeed, the Ds,-symmetry is achievable using lanthanide ion
because of its potential pentagonal-bipyramid geometry when
seven coordinated.™ Herein, we present a delicate synthesis of a
Dy™ complex with pentagonal-bipyramid and a thermally-
activated barrier as large as 305 cm ™" (439 K). In addition, this
quasi-Dsy,-core can be nearly reversibly switched into a quasi-Oy-
symmetry one via single-crystal-to-single-crystal (SCSC) trans-
formation. The latter shows much shorter relaxation times and
a negligible energy barrier. Ab initio calculations reveal that the
quasi-Ds,, Dy"™" ion holds a very strong axial magnetic anisot-
ropy, and thus a better SIM behaviour as compared to the less
axial quasi-Op-symmetry one.
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Table 1 The relaxation barrier (Hgc = 0 Oe), highest hysteresis temperature and highest AC-peak temperature (Hqc = 0 Oe) for selected single-ion magnets
Quasi-symmetry Uesr [K] Hysteresis temperature AC-peak temperature
of the Ln™ center Complex ([em™)) K] K] Reference
Dep (CsMe5)Er(COT) 323 (224) 5(0.00092 Ts™ ) 22-23 (997 Hz) 7b
[Fe(C(SiMe3)3),]™ 325 (226) 4.5 (0.005 Ts™ Y =29 (1488 Hz) 9d
D,a/Li/Ss [ErW16036]"~ 55.2 (38.3) — 6.2 (10 000 Hz) 6a
[Dy(acac);(H,0),] 66.1 (45.9) 0.5 (0.00025 Ts™) 12-13 (1488 Hz) 6¢
[Th(Pc),]™ 374 (260) 1.7 40 (997 Hz) 4a,d
Dsp, [Th(Pc)(Pc)] 939 (652) 24 58 (10 000 Hz) 4e
[Zn,Dy(L),(MeOH)]" 439 (305) 11 (0.02Ts™ ) 29.6 (1488 Hz) This work
“ Field sweep rate unknown.
Br. Br.
I ™~ T \@OH i \@W Dy(NOy); : Zn(NO3), = 1 :2 dry ai
HoN NH, - / : Zn p=1:2 ry air
3 @v f1 Y ~_ d?d S @?\) Sl [Zn,DYLy(MeOH)]" == [Z0DyLy]"
L, H, 30 ¥ A 1 2

Scheme 1 Synthetic route for 1 and 2.

Results and discussion

By careful selection we used a tripodal ligand, 2,2',2"(((nitrilo-
tris(ethane-2,1-diyl))tris(azanediyl))tris(methylene))tris-(4-bromo-
phenol) (L), which can be synthesized from the condensation of
5-bromo-salicylaldehyde and tris(2-aminoethyl)amine (3 : 1),
followed by the reduction using NaBH, (Scheme 1) for this
symmetry design. Subsequently, L was used to react with both
zinc and dysprosium nitrates with stoichiometry (2:1) in
methanol, leading to the formation of crystalline solid
[Zn,DyL,(MeOH)|NO;-3MeOH - H,O (1). Very interestingly, if 1 is
exposed to the dry air for one day it loses its coordinated meth-
anol molecule but retains its crystallinity. X-ray diffraction shows
a composition of [Zn,DyL,|NO;-H,0 (2), which can convert back

- MeOH \/*’

+ MeOH {

Fig. 1 Structural motifs of the [Zn-Dy-Zn] cores of 1 and 2. The Dy" is high-
lighted as orange polyhedrons. Yellow, green, gray, red, blue and brown spheres
represent Dy, Zn, C, O, N and Br, respectively. Hydrogen atoms have been omitted
for clarity.

This journal is © The Royal Society of Chemistry 2013

to 1 after soaking in methanol for one day (see ESIt for details
concerning the SCSC transformation).

The X-ray single crystal structure analysis reveals that the
seven coordination sites of the Dy™ ions are all occupied by
oxygen atoms, whereas the Zn" ions sit in a four-nitrogen
“pocket” of the tripodal ligand L in both complexes (Fig. 1). For
1, each of the six-coordinate Zn" octahedra is completed by two
bridging phenoxyl groups, which give in total four oxygen atoms
to the pentagonal plane of the central Dy™ (Table 2 and S27).
The remaining oxygen of the pentagon is from a terminal
methanol ligand. The axial pentagonal-bipyramid geometry of
the Dy is further completed by two phenoxyl oxygen atoms.
When the terminal methanol leaves, two of the bridging phe-
noxyl groups get closer to the Dy rather than to the Zn", which
changes the coordination-geometry. The program SHAPE 2.0
(ref. 12) was used to analyze the coordination geometries of the
metal ions. Table S3t reveals that both the coordination
geometries of Dy™ and Zn" are changed after transformation:
concerning Dy™ from pentagonal-bipyramid (quasi-Ds,) to
octahedron (quasi-Oy,), and concerning Zn" from octahedron
(quasi-Oy,) to distorted trigonal-bipyramid (quasi-Dsp, T = 0.69-
0.70). In addition, the distance between nearest neighboring
clusters is ca. 10.46 A and 9.23 A for 1 and 2, respectively
(Fig. S2t), because of different hydrogen bonding among clus-
ters, nitrate, MeOH and H,O motifs.

Temperature-dependent direct-current (DC) susceptibilities
of both 1 and 2 were performed. At room temperature the xuT
products for 1 and 2 are nearly identical, ca. 13.8 cm® K mol "
(Fig. 2), which is slightly smaller than the expected value (14.2
em?® K mol ™) for the °Hj5, state.'® The x,T products descend
very slowly upon cooling, which is a typical behavior for a 4f
paramagnetic ion due to the depopulation of Stark sublevels.
The very small declines of the x\7 products suggest that the
excited Kramers doublets are very high above the ground one.

Chem. Sci., 2013, 4, 3310-3316 | 3311
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Table 2 Selected bond lengths (A) and angles (°) of Dy" for 1 and 2

View Article Online

1 as-synthesis 2 1 bath in MeOH
Dy-O bond lengths Dy1-01 2.195(7) Dy1-01 2.183(7) Dy1-01 2.137(11)
Dy1-02 2.397(6) Dy1-02 2.228(8) Dy1-02 2.413(10)
Dy1-03 2.366(6) Dy1-03 2.377(7) Dy1-03 2.367(10)
Dy1-04 2.221(6) Dy1-O4 2.189(8) Dy1-04 2.195(11)
Dy1-05 2.402(6) Dy1-05 2.196(8) Dy1-05 2.393(9)
Dy1-06 2.375(6) Dy1-06 2.389(7) Dy1-06 2.388(10)
Dy1-07 2.427(6) Dy1-07 2.445(9)
0-Dy-O bond angles 01-Dy1-02 83.4(3) 01-Dy1-02 87.1(3) 01-Dy1-02 83.0(4)
01-Dy1-03 96.6(3) 01-Dy1-03 92.2(3) 01-Dy1-03 95.6(4)
01-Dy1-04 168.6(2) 01-Dy1-04 173.1(3) 01-Dy1-04 169.3(3)
01-Dy1-05 94.4(2) 01-Dy1-05 91.3(3) 01-Dy1-05 94.3(3)
01-Dy1-06 90.3(3) 01-Dy1-06 91.0(2) 01-Dy1-06 90.9(3)
01-Dy1-07 87.5(2) 01-Dy1-07 87.4(4)
04-Dy1-02 93.9(2) 04-Dy1-02 90.2(3) 04-Dy1-02 94.0(4)
04-Dy1-03 92.6(2) 04-Dy1-03 93.7(3) 04-Dy1-03 92.6(4)
04-Dy1-05 94.3(2) 04-Dy1-05 84.3(3) 04-Dy1-05 94.3(3)
04-Dy1-06 86.3(2) 04-Dy1-06 93.4(2) 04-Dy1-06 86.4(3)
04-Dy1-07 81.1(2) 04-Dy1-07 81.8(4)
02-Dy1-03 68.4(2) 02-Dy1-03 80.8(3) 02-Dy1-03 67.0(3)
03-Dy1-05 76.2(2) 03-Dy1-06 83.0(2) 03-Dy1-05 76.6(3)
05-Dy1-06 67.0(2) 06-Dy1-05 78.5(3) 05-Dy1-06 67.6(3)
06-Dy1-07 75.4(2) 05-Dy1-02 117.8(3) 06-Dy1-07 75.9(3)
07-Dy1-02 73.7(2) 07-Dy1-02 73.5(3)
14 B
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Fig. 2 Temperature dependence of xuT products at 100 Oe for 1 (black) and 2
(blue). Inset: plots of M—H for 1 (left) and 2 (right) at 2, 3 and 5 K. The solid lines
correspond to ab initio calculations.

The magnetization increases very fast at low fields, indicating
the very well separated excited Kramers doublets, and it reaches
the “saturation” of 5.09 N for 1 and 4.99 N for 2.
Alternating-current (AC) susceptibility measurements were
also performed (Fig. 3, S3 and S4t). In zero DC field, the out-of-
phase susceptibilities for 1 exhibit a strong frequency-dependent
behaviour below 30 K. The relaxation time (7) can be extracted
from both temperature- and frequency-dependent susceptibili-
ties (Fig. 4). In the high-temperature regime, the relaxation
process of 1 follows an Arrhenius law with an effective energy
barrier Uys = 305 + 3 cm ™" (439 + 5 K), which is consistent with
the value (294.8 cm ™', 424.6 K) determined by ab initio

3312 | Chem. Sci,, 2013, 4, 3310-3316
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Fig. 3 Plots of the susceptibility vs. temperature at frequencies between 1 and
1488 Hz at Hqc = 0 Oe (H,c = 5 Oe) for 1 (top) and Hyc = 1200 Oe (H,. = 5 Oe) for
2 (bottom), respectively.
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Fig. 4 Top: the relaxation time t (logarithmic scale) vs. T~ plots obtained from
x(T), xi4(v) and dc magnetization relaxation for 1. The solid lines correspond to
an Arrhenius law; bottom: the relaxation time t (logarithmic scale) vs. 77" plots
obtained from xi(T) and xi4(v) for 2. Inset: the relaxation time < (logarithmic
scale) vs. T (logarithmic scale) plots for 2. The solid lines respectively correspond to
an Arrhenius law and a power law.

calculations (vide infra). The large energy barrier may be attrib-
uted to the local quasi-Ds;, symmetry of the Dy ion as well as the
interaction with two very close phenoxyls coordinating axial-
ly.2575® The AC-peak temperature (Ty,) and the effective energy
barrier for 1 are one of the highest among SIMs (Table 1).
Quantum tunnelling of magnetization, which mainly origi-
nates from the crystal-field effect for the departure of an ideal
Ds, local symmetry, comes into play at low temperatures
(t@ax = 0.36 s) (vide infra). Under an external field of 1000 Oe
(Fig. S3 and S5t), the relaxation time increases strongly at low
temperatures (tgox = 6000 s, Fig. S61) because of the suppres-
sion of QTM between the states of the Kramers ground doublet.
Because the relaxation time becomes very long at low
temperatures, hysteresis loops were observed. For this reason,
temperature-dependent hysteresis loops are observed for the
powder sample under a scan rate of 0.02 T s~ ' and for a single
crystal (Fig. 5 and S7f). Concerning the latter, the field was
aligned with the easy axis of the crystal using a micro-SQUID
magnetometer and the transverse field method."”® It was not
possible to relate the easy axis of the crystal with the crystallo-
graphic axes. The observed hysteresis loops are typical for SIMs,
that is, they are butterfly loops with a fast tunnel step at zero field.
For complex 1, the loops are clearly open up below 11 K at a scan
rate of 0.02 T s~ *, which is the highest among all reported SIMs to

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Magnetization measurements vs. applied field for the powder sample for
1 (top) at a sweep rate of 0.02 Ts~" and the indicated temperatures, and for the
single crystal samples of 1 (middle) and 2 (bottom) at 0.03 K and the indicated
field sweep rates.

our knowledge (Table 1), close to that of the radical-bridged {Tb,}
single-molecule magnet by Long and co-workers.'* Note that
complex 2 shows a small antiferromagnetic exchange coupling
between molecules (seen by the shift of the zero-field resonance
to negative/positive fields, Fig. 5), which is in accordance with the
closer nearest neighbouring clusters distance of 2.

With the local symmetry of Dy™ changing from quasi-Dy;, to
quasi-Oy, by desolvating, a dramatic change of the relaxation times
is observed, in particular, complex 2 does not show a peak of xy at
zero applied field (Fig. S47), which is due to very fast tunneling
effects. However, when applying an optimized field of 1200 Oe
(Fig. S4 and S8t), the peaks of x are observed below 15.0 K (1488
Hz), whose T, are much smaller than that of the pentagonal-
bipyramid one. We found that the relaxation times obey a power
law (t ~ T ™" n = 4.83 & 0.03) instead of an Arrhenius (exponential)
law in the studied temperature range (Fig. 4), which is indicative
that compound 2 involves an admixture of direct and Raman

Chem. Sci., 2013, 4, 3310-3316 | 3313



Published on 10 June 2013. Downloaded by KU Leuven University Library on 07/11/2016 14:33:01.

Table 3 Energies of the low-lying Kramers doublets and the corresponding ab
initio calculated parameters of the crystal field Bg in1and2

Bf; parameters AD initio energies (cm )

k g 1 2 1 2
2 -2 0.254 —1.99 0.0 0.0
-1 0.806 1.19 289.9 294.8
0 -1.72 —2.48 303.3 330.4
1 0.573 1.13 369.4 413.5
2 1.37 3.11 433.4 491.7
464.0 560.2
4 -4 0.205 X 107>  —0.429 x 10°* 504.3 710.0
-3 —0.154 x 102 0.106 x 1072  542.5 838.4
-2 —0.364 x 10° 0.259 x 10>
-1  —0.644 x 107> —0.787 x 107>  g-Tensor of the ground
0 —0114 x10°* —0.126 x 107"  Kramers doublet
1 —0.282x 107> —0.855x 107> gyxy=0.00 gy=0.01
2 —0.562 x 10°  —0.529 x 107> gy =0.00 gy =0.01
3 —0939x 107> -0.110 x 10" g, =19.87 g,=19.76
4 0.285 x 10> 0.671 x 10>
6 -6 —0262x10* —0.251x107*
-5 0.283 x 107*  —0.953 x 10~ *
-4 —0.109 x 107*  —0.220 x 103
-3 0.893 x 107° 0.393 x 10°*
-2 0.118 x 10~* 0.101 x 10™*
-1 0.208 x 10* 0.778 x 10°°
0 0.570 x 10°° 0.171 x 10*
1 —0.221x10°* 0.172 x 10*
2 0.234 x 107*  —0.411 x 10°*
3 —0.710 x 10°* —0.180 x 10 *
4 —0.175 x 107* 0.312 x 107*
5 0.332 x 10°* 0.220 x 10°
6 —0.285x10"* —0.259 x 10°

processes rather than an Orbach process,'*““'* similar to a recently
reported 6-coordinate field-induced SIM.** The obtained “apparent
energy barrier” in the high-temperature regime of U,p, = 44 £ 2
em ™' (64 + 2 K) is an order of magnitude smaller than the first
excited Kramers doublets, determined from ab initio calculations
(294.8 cm™, 424.6 K). This huge difference further excludes an
Orbach process for 2. The hysteresis loops of the powder sample
(Fig. S91) has an almost negligible coercivity due to the short zero-
field relaxation time (tgzsx = 0.16 s). The small « parameters
(@1@0 0e = 0.09-0.11; @3 @100 0e = 0-04-0.05; 1200 0e = 0.02-0.06)
obtained from the semicircular Cole-Cole plots (Fig. S10 and S117)
reveal very narrow distribution of the relaxation process."”

In order to get further insight into the low-lying electronic
structure and the magnetic anisotropy on the Dy site, ab initio
calculations of the CASSCF/RASSI/SINGLE_ANISO type'** on the
experimental structures were performed (Table 3 and Fig. 6). The
details of these calculations are given in the ESL.{ A recent devel-
opment of the SINGLE_ANISO software allows for ab initio calcu-
lation of the crystal-field parameters in lanthanide complexes:

q
=—q

where 6’; are the extended Stevens operators.**” Table 3 shows
the computed B’; parameters for 1 and 2. The g-tensor of the

3314 | Chem. Sci,, 2013, 4, 3310-3316
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Fig.6 Orientation of the main anisotropy axes in the ground Kramers doublet of
1 (top) and 2 (bottom) obtained in computational approximations A2. Violet,
indigo, gray, red, blue and dark yellow spheres represent Dy, Zn, C, O, N and Br,
respectively.

ground doublet state is the main characteristic defining
whether the complex will be an SIM or not. In order to under-
stand the influence of geometrical deviations from the ideal
symmetry, Ds;, for 1 and Oy, for 2, on the magnetic blocking in
these complexes, we did similar calculations for the two
limiting idealized cases: the pentagonal bipyramid Dy(OCH),"*~
and the octahedron Dy(OCH)s>~ (see the ESIT). Even if the real
complexes both deviate from their corresponding ideal geom-
etries, the difference in the anisotropic properties of their

This journal is © The Royal Society of Chemistry 2013
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ground states is not accidental but can be naturally explained by
the genealogy of their structure.

We found that the crystal-field parameters, causing the split-
ting of the low-lying J = 15/2 multiplet in 1 and 2 (Table 3), differ
significantly from their idealized fragments (Table S137). The
blocking properties in the latter are simply understandable. The
ground Kramers doublet in pentagonal bipyramid is character-
ized gx = gy = 0, i.e.,, by a perfect axiality expected for its irre-
ducible representation Ej, of D5, symmetry group (see Table IT in
ref. 18d). This means that QTM will be completely suppressed in
this state and the complex is expected to be a good SIM. The
departure from Dsj, symmetry in 1 reduces its SIM performance.

On the contrary, the Kramers ground doublet in the ideal
octahedron is completely isotropic, with gx = gy = gz = 6.58
(Table S137), and this leads to a very fast relaxation of magne-
tization. However, the departure from ideal octahedral
symmetry yields low-symmetry terms of the crystal field, which
give to 2 some magnetic anisotropy and hence a certain slow
relaxation. In other words, the low-symmetry crystal field has
opposite effects in 1 and 2. Nevertheless, despite a significant
departure from the respective idealized geometry, 1 still
remains much more axial than 2. This is reflected in the fact
that in 1 the axial parameters (B3, B;) are the largest, while in 2
the non-axial parameters (B3, B}, B3) are of the same order or
even larger than the axial ones (Table 3). As a result, the g-tensor
in 1 is still strongly axial resulting in suppression of QTM, while
in 2 the transverse components gy and gy are larger, which is the
reason why this complex does not show slow relaxation of
magnetization without applying a DC magnetic field.

Conclusions

To summarize, we have successfully isolated a Dy SIM
(complex 1) with quasi-Ds, symmetry, which exhibits a large
thermally activated barrier with long relaxation times. The
desolvation of 1 altered the local symmetry to quasi-Oy. This
new complex 2 possesses thus a much lower energy barrier.
Interestingly, in response to the solvent, the complex 2 can be
converted back to 1 via an SCSC transformation. Ab initio
calculations reveal that the ideal Ds,-Dy™ is of perfect axiality
with a substantial energy barrier in accordance to the experi-
mental result. This work demonstrates that the SCSC trans-
formation offers an important tool to investigate the
importance of the local symmetry on the performance of SIMs.
It hints at a promising way to improve SIMs by the proper choice
of the complex symmetries such as Dsy,, in particular by avoid-
ing crystal-field terms B (g # 0).
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